Abstract: Two sodium-free mixed alkali series of bioactive glasses based on compositions Bioglass 45S5 and ICIE1, containing lithium and/or potassium as alkali ions, were prepared by a melt-quench route. Thermal properties showed the well-known mixed alkali effect, with glass transition and crystallisation temperatures and the coefficient of thermal expansion going either through a minimum or a maximum for the mixed alkali composition, resulting in a wider processing window. Ion release, by contrast, was controlled by the modifier ionic radius, with ion release rates in dynamic and static dissolution studies increasing for potassium-substituted glasses compared to the composition containing lithium as the only alkali ion. This was caused by pronounced changes in oxygen packing density and molar volume of the glasses owing to the differences in ionic radii (76 pm for Li + and 138 pm for K + ). Partially substituting one alkali for another therefore helps to improve high temperature processing of bioactive glasses and can also be used to control or tailor ion release.
Introduction
Sodium oxide is one of the main components of Bioglass 45S5 (46.1 Si 2 O -2.6 P 2 O 5 -26.9 CaO -24.4 Na 2 O; in mol%), and it was introduced originally in order to keep the glass melting temperature low [1] . It also increases glass degradability, owing to the lower field strength of sodium ions compared to calcium ions [2] . A relatively high solubility is important to ensure fast release of therapeutic ions [3] as well as the in vivo degradation of the silicate network over time [4, 5] . However, the presence of such large amounts of sodium ions also has disadvantages: it causes the glass to have a pronounced tendency to crystallise at elevated temperatures [6] and thereby hinders processing such as sintering or fibre drawing [7] .
A common approach to improve the high-temperature processing of bioactive glasses is to increase the alkaline earth to alkali metal cation ratio in the glass [8] or by removing sodium entirely [9] [10] [11] , which, however, has the disadvantage of dramatically increasing the glass transition and melting temperatures of the glass. Another approach is to make use of the mixed alkali effect (MAE) by combining two (or more) alkali oxides in the glass composition: by partially replacing sodium with either lithium or potassium Tg can be lowered, the crystallisation tendency reduced and processing improved [12] . Recent results show that the compactness (shown e.g. by the oxygen density [13] or the molar volume) of the silicate network was affected strongly by these substitutions, owing to differences in ionic radii of the modifier ions: when sodium (Na + 102 pm [14] ) was replaced by lithium (Li + 76 pm), the silicate network became more compact. For potassium (K + 138 pm) substitution, the network became less compact [12] . Besides the temperature behaviour, this also affected other glass properties, such as the ion release behaviour under static or dynamic conditions [15] .
As the ionic radius of the modifier ion has a pronounced influence on various glass properties, the question arises as to how we can use this knowledge to improve the high-temperature processing of bioactive glasses, and further studies are necessary to help us to elucidate this point. One interesting approach would be the combination of lithium and potassium ions, with their vastly differing ionic radii, to see if the effects observed for lithium and sodium or sodium and potassium-containing glasses are even more pronounced here. The aim of this study was therefore to study how the Li 2 O:K 2 O ratio in sodium-free bioactive glasses affects their density, molar volume, thermal properties and ion release.
Materials and methods

Glass synthesis
Two glass series in the system SiO 2 -P 2 O 5 -CaO-Li 2 O/K 2 O (Table 1) were prepared using a melt-quench route [12] : one series was based on a sodium-free, fully lithiumsubstituted Bioglass 45S5, where 50 and 100% of Li 2 O was replaced by K 2 O (referred to as 45S5-Li100, -LiK50 and -K100) and a parallel series based on sodium-free glass ICIE1 [16] (ICIE1-Li100, -LiK50 and -K100). Mixtures of SiO 2 , Ca(H 2 PO 4 ) 2 × H 2 O, CaCO 3 , Li 2 CO 3 and K 2 CO 3 were sintered together in an electric furnace using a platinum crucible at 1250 ∘ C for one hour and then melted for 1 hour at 1350 ∘ C. A batch size of approximately 150 g was used. After melting, the glasses were rapidly quenched into water to prevent crystallisation. After drying, the frit was crushed in a steel mortar and sieved using analytical sieves. Glass monoliths were prepared by re-melting the glass frit at 1350 ∘ C, pouring into a brass mould, placing into a pre-heated oven set to 30 K below Tg and allowing to cool to room temperature in the switched off oven over night.
Density
Density (ρ glass ) was measured on glass monoliths (approximately 10 g in weight) in a helium pycnometer (AccuPyc 1330-1000, Micromeritics GmbH, Aachen, Germany). The estimated error limits were ± 0.01 g cm −3 . Oxygen density (ρox) was calculated as a measure for the compactness of the glass network as shown earlier [13, 17] . It is calculated by dividing the mass of oxygen atoms present in one mole of glass, mo, which is constant in both glass series by the molar volume of the glass, Vm:
(where Mo is the atomic weight of oxygen and x the molar fractions). Vm is given by the mass of one mole of glass divided by the experimental density:
Thermal properties
Thermal behaviour was analysed using differential scanning calorimetry (DSC; Netzsch STA 449F1; heating rate 10 K/min, up to 1300 ∘ C under nitrogen atmosphere, glass particle size < 250 µm) to obtain glass transition (Tg, defined as the onset of the transition temperature range), crystallisation onset (To) and peak (Tx) temperatures and dilatometry (DIL 402 PC, Netzsch; glass rods 5 mm in diameter and 20 mm in length; heating rate 5 K min −1 ) to obtain Tg and dilatometric softening point, Ts (determined from maxima of the dilatometry curves). Thermal expansion was analysed and thermal expansion coefficient α determined using the dilatometry curves in the temperature range between 100 and 400 ∘ C. The estimated error limits for thermal analysis are ± 5 K for Tg, To and Tx and ± 0.1 × 10 6 K −1 for the thermal expansion coefficient.
Static dissolution experiments
0.062 mol L −1 tris(hydroxymethyl)amino methane (Tris) solution was prepared as described previously [18] . 75 mg glass (sieved to < 38 µm) was immersed in 50 mL Tris solution for 6, 24 or 72 hours as described previousy [15] . Elemental concentrations were analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian Liberty 150, Agilent Technologies, Böblingen, Germany). Experiments were performed in triplicates, and results are presented as a percentage of the ions originally present in the glass (mean ± standard deviation, SD). The retained powders were characterised by powder X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR; Nicolet Avatar 370 DTGS, Thermo Electron Corporation, Waltham, Massachusetts, USA) as described previously [15] . XRD patterns were compared to that of hydroxycarbonate apatite (JCPDS 00-019-0272).
Dynamic dissolution experiments
Dissolution profiles for the glasses were measured using a dynamic flow cell connected to an inductively coupled plasma optical emission spectrometer (Optima 5300 DV, Perkin Elmer) as described previously [19] .
The ion concentrations were measured on-line every 12 s (one replicate per measurement). The experimental set-up has been described previously in detail [20] . The sample cell was filled with glass particles (270 ± 5 mg; particle size range 300 to 500 µm), and random packing was assumed. A peristaltic pump fed the medium vertically upwards through the bed of glass particles. The flow rate was adjusted to 0.2 mL min −1 to achieve a laminar flow [20] .
The temperature was 37 ± 2 ∘ C.
Results
Glass formation and characterisation
All glasses were amorphous according to powder X-ray diffraction results (Fig. 1 ). With increasing lithium content, the amorphous halo broadened, an effect that has already been observed in lithium-substituted 45S5 [12] . When replacing lithium with potassium in the 45S5-based series, glass density did not change significantly (Fig. 2a) , while glass density increased slightly when re- placing lithium with potassium in ICIE1 (Fig. 2a) . A pronounced increase in molar volume was observed with potassium for lithium substitution in both series, resulting in a decrease in oxygen packing density (Fig. 2b) .
The thermal expansion coefficient (α) for both glass series showed the lowest value for the mixed Li/K composition (Fig. 3a) ; however, differences between Li100 and LiK50 were small compared to K100, which had a much larger α. Tg and Ts obtained from dilatometry curves (Fig. 3b, 3c ) showed different trends for both glass series: In the 45S5 series, Li100 and LiK50 showed very similar Tg and Ts while the values for K100 were much larger (resulting in a trend comparable to that observed for α), while in the ICIE1 series, LiK50 and K100 showed no differences for Tg or Ts (within the error limits), while Li100 had much lower Tg and Ts.
Tg obtained from DSC experiments showed similar trends to those observed by dilatometry, with Tg of the mixed Li/K glass in the 45S5-based showing the lowest and the mixed Li/K composition of the ICIE1-based series showing the highest Tg of each series (Fig. 4) . In both series, the mixed alkali compositions showed the highest To and Tx (Fig. 4) , with the effect being much more pronounced for the ICIE1 series. The Li100 compositions showed the lowest crystallisation temperature in both series, resulting in the narrowest processing window (Fig. 4c ).
DSC curves (Fig. 5) show a very pronounced, narrow crystallisation peak for the Li100 compositions in both series, with a broader, less pronounced peak at lower temperatures. The origin of this broad peak is unclear, and while we interpreted it here as a crystallization peak, further experiments are necessary to determine whether it indicates crystallization, amorphous phase separation or sintering of particles.
By comparison, the crystallisation peaks for the K100 and LiK50 compositions in both series are of much lower intensity. Curves for the Li100 compositions also show pronounced melting effects at about 1000 ∘ C, while no such effects were observed for the other glasses in the temperature range investigated.
Static dissolution experiments
All glasses caused the typical pH increase in Tris buffer at early time points (Fig. 6 ). At six hours, the pH increase was more pronounced with increasing K for Li substitution (Fig. 7a ), while at 24 hours, no pronounced differences in pH were observed with substitution ( Fig. 7b) . Relative ions in solution (shown as a percentage of the ions present in the untreated glass) at 6 hours of immersion increased with K for Li substitution (Fig. 7a) . At 24 hours, differences were still observed (e.g. Li + , K + or Ca 2+ ) but were less pronounced (Fig. 7b) . Absolute ion concentrations (in mmol L −1 ) increased with time ( Fig. 6) , with
Li-containing glasses (45S5-Li100 and -LiK50 in Fig. 6a , 6b and 6d, 6e) showing a slower initial increase in ion concentrations than the fully K-substituted glass ( Fig. 6c and  6f) . However, at three days absolute alkali ion concentrations were between 10 and 12 mmol L −1 for 45S5-Li100 and -LiK50 (Fig. 6d, 6e , shown as Li+K for LiK50), while 45S5-K100 reached a maximum concentration of 8 mmol L 1 for K + ions only (Fig. 6f ).
Powder analysis
FTIR spectra of the untreated glasses (Fig. 8) showed the typical features of bioactive silicate glasses, including two very pronounced non-bridging oxygen (NBO) bands between 840 and 940 cm −1 and a bridging oxygen (BO) band of lower intensity at about 1040 cm −1 [21] . Upon immersion in Tris buffer, the NBO bands disappeared within the first 6 hours owing to an ion exchange between modifiers from the glass and protons from the solution, while an Si-O-Si band, corresponding to the newly formed silica gel (or iondepleted glass) appeared at 790 cm −1 . At six hours, a sin- gle broad band was visible for glass 45S5-K100 (Fig. 8c) between 560 and 600 cm −1 , which is usually taken as an indication of formation of an amorphous calcium phosphate layer [22] . At the same time point, glass 45S5-LiK50 showed indications of a split band in the same position, while glass 45S5-Li100 showed no band in this region. From 24 hours, the split phosphate (P-O) bending band appeared for all three compositions at 560 and 600 cm −1 , together with a P-O stretch band at 1015 cm −1 , which overlapped with the BO band. Both suggest formation of a crystalline apatite surface layer [22] . In addition, a carbonate band appeared at about 870 cm −1 as well as broad carbonate bands in the region starting from 1400 cm −1 , suggesting carbonate substitution in the apatite lattice [23] . No pronounced changes appeared between 24 and 72 hours.
XRD results confirmed that indeed apatite was formed (Fig. 9) . Compared to the untreated glasses (Fig. 1) , the amorphous halo had shifted to lower 2θ values upon immersion in Tris buffer, as a result of the ion exchange and formation of an ion-depleted silicate layer (silica gel) mentioned above. The typical broad apatite reflections are visible, indicating formation of apatite of a poor crystallinity, owing to substitutions in the lattice and possibly of nanometre sized crystals [24] .
Dynamic dissolution experiments
Results of dynamic dissolution experiments (presented as concentrations normalised to the amount of the same el- ement in the glass) are shown in Fig. 10 . For glass 45S5-K100, potassium concentrations were above the detection limit at early time points and could therefore not be quan- tified. Modifier concentrations showed a sharp maximum at early time points (about 50 to 100 s), while at later time points results remained more constant. For phosphate concentrations, the maximum concentration (about 2 L −1 ) was comparable for all compositions. Generally, normalised concentrations in solution increased in the order Li100 < LiK50 < K100.
Discussion
As the atomic weight of potassium is much higher than that of lithium, one would expect the glass density to increase upon K for Li substitution. And, indeed, this trend was observed for the glasses in the ICIE1 series. Glasses in the 45S5 series showed no significant changes within the error limits, however. A similar trend has been observed previously for sodium-containing 45S5: the density of two glass compositions with the same percentage of alkali substitution was comparable, independent of whether it was lithium or potassium that was substituted [12] . This interesting observation can be explained by changes in the molar volume and the oxygen (packing) density of the glasses. The oxygen density [25] describes the mass of oxygen atoms per unit volume -and is thus very useful for glass systems where the number of oxygen atoms does not change with composition. In both glass series of the present study, the molar volume increased with increasing K for Li substitution, and the oxygen density decreased. It is important to keep in mind that the ionic radius of the alkali ions used in the present study differed dramatically, with Li + having a very small ionic radius (76 pm) and K + having a much larger one (138 pm). This means that as small Li + ions were replaced with much larger K + ions, the silicate chains were pushed apart, making the glass network much less compact. For the ICIE1 series, the atomic weight of the alkali element was the dominating factor, because despite a less compact network (owing to incorporation of a larger modifier ion, K + ), glass density increased with potassium substitution. For the 45S5 series, neither factor dominated and the glass density remained relatively constant. These findings agree essentially with our previous results, where sodium was replaced by either lithium or potassium [12] . However, it is interesting to note that despite the much larger differences in atomic weight and ionic radius for lithium and potassium compared to the differences between either of them and sodium, changes in density were much less pronounced here (when substituting potassium for lithium) than when substituting lithium or potassium for sodium. The explanation is also likely connected to their ionic radius and atomic weight: for lithium and potassium, these pronounced differences seem to cancel each other out when affecting the glass density. When partially substituting one alkali oxide for another, properties depending on transport mechanisms (including electrical conductivity, dielectric loss but also thermal properties) typically show non-linear changes, an effect which is named the mixed alkali effect [26, 27] . Results for Tg in the present study clearly showed an MAE; however, the trends were opposite in both series: In the 45S5 series, the mixed LiK50 composition showed the lowest Tg, while in the ICIE1 series the mixed alkali composition gave the highest Tg, independent of whether Tg was determined by DSC or dilatometry. By contrast, the thermal expansion coefficient of the mixed alkali compositions were the lowest for both series. This difference in the trend of Tg observed with glass composition (45S5-vs. ICIE1-based series) is not easy to explain. Both glass series are very similar, with virtually the same network connectivity (about 2.1). Differences are, however, the phosphate content (2.6 mol% in the 45S5 series vs. 1.1 mol% in the ICIE1 series) and the alkali oxide to alkaline earth oxide ratio, which is about 0.9 in the 45S5 series and 1.14 in the ICIE1 series. Why and how this affects the trend in Tg will require further investigation.
Another noticeable effect is that Tg (and Ts) of the fully K-substituted glasses (K100) in both series were higher than that of the Li glasses (Li100). Generally, Tg tends to increase with the field strength (or, for identical charge, with decreasing ionic radius) of the modifier ion [17, [28] [29] [30] , so the trend observed here was unexpected. It has, however, been observed for alkali silicate glasses before [13, 31] . While Ray [13] claims that the influence of field strength depends on the polymerisation of the glass network, it seems more likely that this is a unique feature of alkali silicate glasses, as the trend observed for alkaline earth silicate glasses is as expected, i.e. Tg of alkaline earth silicate glasses increases with the field strength of the modifier ion [31] .
In our previous publication [12] we claimed that the fully Li-substituted glass showed a wider processing window than the fully K-substituted glass. In the present study, however, the Li100 compositions of both series showed the narrowest processing window. As the specimens used in the present study were from the same batch as previously, compositional variation can be excluded. In previous DTA analyses [12] , only one sharp crystallisation peak was observed for 45S5-Li100 (Fig. 11) , while in DSC curves during the present study, a broader crystallisation peak was observed at lower temperatures (Fig. 5a ), suggesting that the DTA experiments performed previously were not sensitive enough to show this additional crystallisation effect.
The mixed alkali effect has also been observed to affect the ion release from non-bioactive silicate glasses, with the mixed alkali compositions showing a less pronounced pH rise as well as less pronounced glass corrosion compared to the compositions containing one alkali oxide only [32] . In a previous study, however, we showed that in sodium-containing bioactive phospho-silicate glasses, the mixed alkali compositions did not show any minima (or maxima) compared to the single alkali compositions. Instead, ion release (as indicated by pH changes and ionic concentrations at early time points) increased with increasing ionic radius of the alkali modifier ion [15] . The results presented here show a similar trend. Ion release from Li100 was slowest and increased with increasing K substitution, indicating the same mechanism as in the sodiumcontaining glasses: ion release from Li-substituted glasses was slower owing to a more compact network (as shown by a smaller molar volume and larger oxygen density, Fig. 2b ) affecting water penetration and, possibly, ion mobility within the network. By contrast, the more expanded network of the potassium-containing compositions facilitated water penetration and subsequent ion release. This effect of lithium substitution on glass durability is also well known for more polymerised silicate glasses, where the durability of the lithium silicate glass is greater than that of the corresponding sodium or potassium silicate glass [33] .
It is interesting to note, however, that the trend of ion release with ionic radius was more pronounced in the sodium-containing glasses [15] than in the present study. This is surprising, as the difference in ionic radius between Li + and K + (76 vs. 138 pm [14] ) is much larger than that between either and Na + (102 pm), and therefore effects related to ionic radius and packing could be expected to be more pronounced.
The dissolution experiments in the present study were performed using a constant mass/volume ratio for all glasses, as suggested by Technical Committee 04: Bioglasses [34] of the International Commission on Glass. The results presented here suggest, however, that using a constant mass of glass may not always be the most appropriate way of performing dissolution experiments. Table 2 shows that as the molar weight of the glasses increases with increasing potassium concentration (as K was substituted for Li on a molar base), the molar amount of glass used in the experiments (both static and dynamic) decreases significantly with increasing substitution. It is noteworthy, though, that despite a smaller molar amount being used during dissolution experiments on potassiumcontaining glasses, pH changes were more pronounced and ion concentrations at early time points higher with increasing potassium substitution. It can therefore be assumed that for dissolution experiments using constant molar amounts, these differences (which were also observed for sodium-containing glasses [15] ) would be even more pronounced. The shape of the static dissolution curves seems to suggest that the fully potassium substituted glass reached saturation at much earlier time points than the lithium containing glasses (Fig. 6) or sodium-containing glasses [15, 18] . While this may hint at earlier apatite formation, powder characterisation results did not confirm faster apatite precipitation for K100 (cf. below). In addition, apatite formation would be expected to affect the concentrations of phosphate and calcium only (or mostly), while here the concentrations of potassium and silicon show the same trend as phosphate and calcium (Fig. 6) .
Dynamic ion release patterns (Fig. 10) show, as expected, that the glasses did not dissolve congruently, as normalised silicon concentrations were much lower than those of all other components, owing to dissolution by ion exchange. Dynamic release patterns also show pronounced differences with potassium for lithium substitution, besides increasing normalised ion concentrations with increasing potassium content in the glass, as discussed above. From Li100, modifiers (lithium and calcium) and phosphate were all released at the same rate (with the exception of the first few seconds of the experiment). For K100, however, huge differences were observed for the release of modifiers (potassium and calcium, which showed comparable release rates) and phosphate, which was released at a much slower rate. During dynamic dissolution experiments, apatite precipitation is not expected to occur, as owing to the constant flow of Tris buffer saturation should not be reached. However, it cannot be fully excluded, and these differences may therefore be caused by local apatite precipitation. The shape of the ion release pattern of LiK50 also indicates possible precipitation, as the phosphate concentrations decreased at later time points (> 1500 s).
FTIR results suggest that all glasses had formed apatite at 24 hours, while at 6 hours only an amorphous (or very poorly crystalline [35] ) calcium phosphate layer was present. XRD results confirmed that the crystalline calcium orthophosphate present at 24 hours was indeed apatite. No pronounced differences were observed with composition, which is in contrast to previously published results, where pronounced differences were observed when sodium in the glass was replaced by either lithium or potassium [15] . However, those previous results already showed that both Li and K substitution delayed apatite formation in a similar way (although most likely caused by different mechanisms, related to a low solubility for the lithium-substituted glasses and apatite nucleation/crystallisation for the potassium substituted glasses [15] ), and therefore it is not surprising that the fully Li-substituted, the fully K-substituted and the mixed composition formed apatite at comparable rates.
In summary, the ion release behaviour of sodium-free mixed alkali bioactive glasses is very similar to sodiumcontaining mixed alkali compositions, with modifier ionic radii, rather than the mixed alkali effect, dominating the release behaviour. However, observations on glass density differed markedly compared to sodium-containing mixed alkali compositions, as despite significant differences in the atomic weights of lithium and potassium no pronounced change in density was observed with substitution. This effect is most likely related to changes in packing with ionic radius. The thermal behaviour showed the typical mixed alkali effect, with properties going through maxima or minima, but the actual trend seems to be highly sensitive to glass composition, such as phosphate content.
Taken together, combining different alkali ions in bioactive glasses allows for tailoring of various glass properties, particularly if additional compositional changes, such as phosphate content, are also considered.
